To achieve better control performance, a comprehensive control parameter design method that considers economics, stability and dynamic performance is essential for hybrid multi-terminal HVDC systems. In this paper, a hierarchical model for the control system of Hybrid-MTDC is constructed and the parameters are optimized on two layers. On the system layer, using the normalization processing method, a system-layer objective function that considers both the minimum network loss and the voltage offset is formed for Hybrid-MTDC systems and solved with the proposed penalty interior point method. On the converter layer, using the state-space matrix method, a generic small-signal stability range of each control parameter can be obtained by the traversal calculation of the eigenvalues. Then, to identify the stricter stable operating region for the DC voltage controller under severe conditions, an additional stability criterion based on the mixed-potential theory is deduced, and the design-oriented boundaries are generated and added to the feasible region. Finally, within the design-oriented boundaries, a general dynamic performance evaluation function is constructed to determine the optimal control parameters. Utilizing the proposed method, a typical Hybrid-MTDC system is investigated, and experimental verifications are provided to validate the effectiveness and accuracy.
I. INTRODUCTION
In traditional HVDC projects, line commutation converters (LCC) have benefits such as high transmission capacity and low cost [1] , [2] . As a new transmission technology, the multilevel modular converter (MMC), with the advantages of reduced harmonics and good controllability, is becoming a viable alternative for HVDC transmission [3] - [5] . In 2018, combining the advantages of both LCCs and MMCs, the world's first hybrid 3-terminal HVDC system was construction in the China Southern Grid [6] . Hybrid multiterminal HVDC (Hybrid-MTDC) transmission systems have become an important topic in power industry development [5] - [7] . The selection of the control parameters for Hybrid-MTDC systems determines the economics, stability and efficiency of the system.
Most control parameter designs in engineering rely on a trial-and-error approach or an electromagnetic transient software optimization program, which is time consuming
The associate editor coordinating the review of this manuscript and approving it for publication was Tariq Masood . and cannot guarantee that the system will run under optimal conditions or even stably [8] , [9] . Hence, it is of great significance to find an efficient and comprehensive method for designing the control parameters to ensure stability and excellent performance. Recently, many scholars have conducted extensive research on HVDC systems. Based on the well-known steady-state equations of LCCs, a small-signal dynamic model of an LCC-HVDC system was developed [10] , [11] . References [12] - [16] employed an average-value model of MMCs, investigating the oscillatory modes of the system. References [17] - [19] focused on the small-signal stability analysis of hybrid HVDC systems, analysing the influence of the PI control parameters. However, for the control parameter design of Hybrid-MTDC systems, there are several issues remained as follows:
1) Control parameter design on the system layer: Different from traditional HVDC networks, since Hybrid-MTDC systems contain more converter stations and more complex network topologies [17] - [19] , there might be many scenarios of power flow control on the system layer. However, the existing literature [17] - [19] ignores VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ control parameter analyses on the system layer. The power flow control parameters on the system layer affect network losses and voltage offsets, which determines the economics of operating Hybrid-MTDC systems in the steady state. 2) Additional stability criterion under severe conditions:
The DC voltage control is the most important control target in Hybrid-MTDC systems and determines the stable operation of the whole system [6] . In engineering, more stringent and specific stability and performance requirements for the DC voltage controller are essential to guarantee reliable operation. However, the traditional small-signal stability analysis is only applicable to system estimations under weak disturbances [10] - [19] and fails to describe how much disturbance the control parameters satisfying the small-signal stability request can withstand [20] . This obviously does not meet the stringent requirements for critical DC voltage controllers in engineering.
3) Efficient global dynamic performance analysis: Ref-
erence [18] proposed a quantitative dynamic performance evaluation for Hybrid-MTDC systems based on a time-domain mathematical model. However, this method can only perform an inverse Laplace transform for one of the outputs to analyse the dynamic indicators, which cannot be used as the global optimal term for all outputs of the dynamic performance analysis. Hence, this method fails to solve the global optimal control parameters of the system. Therefore, to propose a comprehensive control parameter design method for Hybrid-MTDC systems, the main contributions of this paper are listed as follows:
(i) Considering the economics of operating Hybrid-MTDC systems in the steady state, an objective function on the system layer that includes both the minimum network loss and the voltage offset is formed for Hybrid-MTDC systems. The power balance of the DC network and the voltage limit of the DC node are used as constraints. Then, the penalty interior point method is constructed as a fast solution method to ensure that the power flow control of the Hybrid-MTDC system is at the target optimal state under steady state operation.
(ii) Using the state-space matrix method, a generic smallsignal stability range for each control parameter can be obtained by the traversal calculation of the eigenvalues. Then, to identify the stricter stable operating region for the DC voltage controller under severe conditions, an additional stability analysis based on the mixed-potential theory is performed and the design-oriented boundaries are generated and added to the feasible region.
(iii) Within the design-oriented boundaries, a dynamic performance evaluation function is constructed using the damping ratio and the negative real part of the eigenvalue, which can describe the dynamic performance of all oscillation modes of the system. Thus, a comprehensive control parameter design method for Hybrid-MTDC systems is proposed considering the optimal state under steady state operation, the small-signal stability of all control parameters, additional stability criterion for DC voltage controllers and the optimal dynamic performance.
Finally, experimental verifications are provided to validate the effectiveness and accuracy of the proposed method.
II. COMPREHENSIVE CONTROL PARAMETER DESIGN METHOD FOR HYBRID MULTI-TERMINAL HVDC SYSTEMS A. OPTIMAL POWER FLOW CONTROL ON THE SYSTEM LAYER

Hybrid-MTDC systems include LCC and MMC stations.
To take advantage of the large capacity of the LCC stations, LCCs generally work in current control mode and the MMC station with the largest capacity is used to control the DC voltage, while the other stations control the active power [21] . This control strategy is conducive to ensuring that the power system runs in a stable and economical state [22] . In this paper, the power control system of the Hybrid-MTDC is divided into two parts as shown in Fig. 1 , consisting of a system layer and converter station layers. The system layer sends the reference control parameters to each converter station through the fibre channel. Following that, the control system of each converter station is adjusted according to the received control parameters. Simultaneously, the local DC voltage and the active power signal are collected and fed back to the upper control system.
On the system layer, with the minimum network loss as the primary condition for controlling the target, the corresponding objective function f 1 can be obtained as follows:
where G ij is the mutual conductance between node i and j; (N1+N2+1) is the number of DC nodes; P i is the active power transmitted by the i-th station; U dc is the voltage of the DC node; and the direction from the AC system into the DC grid is positive.
Considering the importance of DC voltage in the stable operation of Hybrid-MTDC grids, the minimum deviation of DC voltage is added as the objective function f 2 :
where U * dci is the DC voltage expectation value of node i. To consider the two different control objectives (1) and (2), this paper introduces a normalized method to construct the optimal objective function of the system control layer:
; ω 1 represents the weight factor of network loss; ω 2 is the weight factor of the nodal voltage offset; P max loss is the maximum loss value of the DC network; And U max dci and U min dci are the allowable range of the node DC voltage.
The power balance of the transmission lines is introduced as the equality constraint h(x), and the capacity and voltage limits of the stations is the inequality constraint g(x). Hence, the optimization model for optimal power flow control on the system layer can be obtained as follows:
To ensure efficient computational efficiency and numerical robustness, the penalty interior point method is used for calculation. The relaxation quantity is introduced to relax the equality constraint and inequality constraint, and then the model is transformed as follows: Following that, according to the preset weight value, the Kuhn-Tucker condition (KKT) and the approximate correction equation, listed at Appendix (A1)-(A6), are used to calculate the optimal power flow of the DC grid. The designed control parameters (I LCC dcref , P MMC ref , U MMC dcref ) are issued to each converter station layer.
B. SYSTEM MODELING AND FEASIBLE CONTROL PARAMETER REGIONS UNDER SMALL-SIGNAL STABILITY
According to the calculation in part. A, the optimal power flow control parameters on the system layer can be determined. Following that, to clarify the Hybrid-MTDC system mathematically, the LCC and MMC mathematical models can be described by the switching function method [18] . The LCC equivalent models and the MMC equivalent mathematical models, including the control system, are constructed in Appendix (B1)-(B3) and (B4)-(B11). The general model of the DC network in the Hybrid-MTDC system is deduced in (B12). The schematic diagram of the converter stations and corresponding control systems is depicted in Fig. 2 , and the physical meanings of the variables are listed in Tab. 1.
To facilitate the expression of the system model, the subscripts X Idc/P/Udc/dcl are used to distinguish the function type of the converter stations, while the superscripts X LCCi/MMCj are used to distinguish the number of the converter stations. From (B1)-(B12), the state vectors of the Hybrid-MTDC system can be written as follows:
Then, a 1 st -order Taylor expansion is used to linearize (6), and the optimal power flow control parameters in part. A are set as the input reference value vector U k×1 = [U 1 , U 2 , . . . , U k ] T . The observed output states are set as the output vector
Finally, based on the state-space matrix method, the complete linearization model of the Hybrid-MTDC system can be expressed as follows:
where A n×n represents the state matrix; B n×k represents the input matrix; and C m×n represents the output matrix. Since the model of the Hybrid-MTDC system does not have the states directly formed by the reference value, there is no direct transfer matrix D. When the system is running in a steady state, A n×n is determined by the control parame-
] T of the PI controllers in the Hybrid-MTDC system. Therefore, according to the Lyapunov indirect method, the stability of the control parameters can be judged by
where E is a unit matrix; λ is the eigenvalue vector of the state matrix.
Hence, taking different combinations of control parameters
] T and using (6)-(8) for fast traversal calculations, the stability range of the control parameters under small-signal disturbances on the converter station layer can be obtained.
C. ADDITIONAL STABILITY CRITERION DEDUCTION
The MMC station, which control the DC voltage of Hybrid-MTDC systems, is the most important part of the system for maintaining its operation [6] . However, the system is linearized by 1 st -order Taylor expansion around the equilibrium point in the previous section, but no information is provided about the range from the equilibrium point within which the linearization would remain valid [23] . In engineering, more stringent and specific stability and performance requirements for DC voltage controllers are essential to guarantee reliable operation. Hence, it is necessary to examine the global stability of the DC voltage of the system.
Thus, the mixed-potential theory, a form of the Lyapunov function construction method [24] , is adopted to deduce the large signal stability criterion for the DC voltage controller of the Hybrid-MTDC system. When the other control parameters satisfy the small-signal stability regions in (8), the Hybrid-MTDC can be simplified as shown in Fig. 3 . For readability, the superscript MMC(N2+1) of the variables in the DC voltage control station is omitted in this section. The physical meanings of the variables are also listed in Tab. 1.
Because u sq is controlled near zero by the phase-locked loop (PLL) during normal operation, substituting u sq = 0 into (9), the output DC current of the station can be determined as follows:
Based on the mixed-potential theory [23] , [24] , for the simplified model of an MMC station controlling the DC voltage, the current potential of the non-storage electrical elements can be defined as follows:
where L eq = L T + L arm /2 is the AC system equivalent impedance; R eq = R T + R arm /2 is the AC system equivalent resistance; and P L is the output active power of the MMC station; u m is the rated voltage of the AC system The energy of the equivalent capacitor on the MMC station controlling the DC voltage can be defined as follows:
where r and s are the branches of the current and voltage variables. By constructing the energy contained in the inductive, capacitive and non-storage elements of the nonlinear circuit, the Lyapunov function, which can be used to describe the energy state of the simplified model, is obtained in unified form as follows:
where A(i) is the current potential function of the non-energy storage components in the nonlinear circuit; B(v) is the voltage potential function of the non-energy storage component in the circuit; γ is a circuit structure-related constant matrix; α is a constant vector; and (i, γ v − α) is the energy of nonenergy storage elements and capacitors. From Fig. 2 , the mathematical model of the outer loop in DC voltage controller can be deduced as follows:
Based on the 3-rd theorem of the mixed-potential theory [23] , [24] , the stability criterion can be defined as below:
Here, eig(.) means the eigenvalues of the matric. Substituting (9)- (14) into (15), the additional stability criterion can be written as follows:
where C eq = 6C m /N and N is the number of the SMs. At the same time, the system should also operate in compliance with the power balance, i.e.,
Since the Lyapunov function does not use linearization, it can substitute the accurate abrupt value of the AC or DC side to the criteria (16) and (17), to obtain the additional constraint of the control parameters of the DC voltage controller under any large disturbance.
D. PARAMETRIC DYNAMIC PERFORMANCE ANALYSIS
Within the design-oriented boundaries of controllers, a parametric dynamic performance analysis method is needed to optimize the control parameters of PI controllers on the station layer. Using the Laplace transform, the matrix (7) can be transformed into a transfer function matrix as follows:
Without loss of generality, the transform function can be written as below: where a i and b j are the coefficients of the molecular and denominator, respectively. Following that, substituting a step response into (19) yields the frequency-domain response model, which can be transformed as a time-domain expression using the Laplace inverse as follows:
where λ j is the solution of the eigenvalue equation r j=0 b j s j ; w j is the coefficient of each item after factorization; λ j = σ j + jω j ; and φ j = tan −1 [ −σ j ω j ]. When each state X of the system is taken as the output variable, from (20) , it is obvious that the eigenvalues of the system state matrix A n×n can be divided into real eigenvalues and complex eigenvalues. The real eigenvalues correspond to a non-oscillatory mode. The positive real part represents the nonperiodic divergence instability, and the negative real part corresponds to the attenuation mode. The larger the absolute value is, the faster the attenuation will be. Complex eigenvalues of conjugate λ j = σ j + jω j correspond to the oscillation mode. The damping ratio ζ k = −σ k / σ 2 k + ω 2 k determines the attenuation speed of the oscillation amplitude.
In addition, the higher the damping ratio is, the faster the attenuation will be. Thus, the evaluation index for the parametric dynamic performance analysis of the system controllers can be established as follows:
where γ k is the weight of the real eigenvalue, β k is the weight of the oscillating modal damping ratio; and σ * and ζ * are the ideal values. The minimum F means that the corresponding control parameters are with the optimal dynamic performances.
In sum, the specific process of the proposed control parameter design method for Hybrid MTDC systems is depicted in 
III. CASE STUDIES AND ANALYSIS A. 3-TERMINAL HYBRID HVDC SYSTEM FOR MODELING AND SIMULATION
A hybrid 3-terminal HVDC system is used to validate the correctness of the proposed method, as shown in Fig. 5 . The parameters of the study system are referred to as the CIGRE model and the existing projects, as follows: 
B. OPTIMAL POWER FLOW CONTROL CALCULATION
According to the optimal power flow control calculation method in (1)-(5) and (A1)-(A6), the control parameters in the system layer are calculated in MATLAB for different combinations of ω 1 and ω 2 . The results are shown in Tab 3.
Choosing ω 1 = 0.5 and ω 2 = 0.5 as an example, the control parameters (I LCC dcref , P MMC ref , U MMC dcref ) of each station can be obtain according to Tab 3, and then are set as the reference control values of the stations in the simulation model and the mathematical model, separately. According to the hybrid 3-terminal HVDC system structure, as shown in Fig. 5 , a mathematical model with 83 orders can be constructed and linearized in the state-space matrix by (B1)-B (12) . To validate the mathematical model for the control parameter design method, this paper establishes a simulation model for the corresponding hybrid 3-terminal HVDC using the detailed electrical model in Simulink, as shown in Fig. 6 .
C. MATHEMATICAL MODEL VERIFICATION
The responses of the simulation and the mathematical model after introducing a 26-kV step signal to the reference value U MMC dcref of MMC2, which control the DC voltage of the system, can be seen in Fig. 7 . 
D. SMALL-SIGNAL STABILITY ANALYSIS VERIFICA-TION AND FEASIBLE REGIONS
To verify the feasible control parameter regions under the small-signal stability calculated by (7) and (8), the root trajectory of the system is depicted in Fig. 8 , when the gain parameter k MMC2 p1 of MMC2 is gradually increased. The two values of k MMC2 p1 , with the eigenvalue crossing the imaginary axis, are respectively analysed and compared under a small step signal to the reference value U MMC dcref of MMC2 in the Simulink simulation.
It can be seen from Fig. 8 that the PI control parameters corresponding to the eigenvalues located on the left side of the imaginary axis can restore a gradual stable state, while the PI control parameters corresponding to the right side of the imaginary axis are divergent. Hence, repeated calculation by (6)-(8), the control parameter feasible regions with smallsignal stability can be obtained through traversal control parameters, as shown in Fig. 9 .
When the control parameters of LCC and MMC1 satisfy the range of Fig. 9(a) and (b) , the specific criteria are further added for the DC voltage control station MMC2 in the next part based on engineering requirements. 
E. ADDITIONAL STABILITY CRITERION VERIFICATION
To verify the correctness of the additional stability criterion for the U dc controller in the Hybrid-MTDC, a large step dip in the grid voltage occurs in transient simulations to imitate the practical grid faults. For instance, the grid voltage dips 40% on the MMC2 side in the hybrid 3-terminal HVDC transmission system, and the ramping process lasts for 100 ms. Using (9)-(17) to calculate the constraints of these wide-ranging disturbances of the AC system, the responding criterion of the control parameters is plotted in Fig. 10 .
Three sets of different control parameters are taken for comparison verification, as shown in TAB 4, and the responses of the simulations are compared with the calculation results.
The simulations are displayed as shown in Fig 11, while the grid voltage U MMC2 m on the MMC2 side dips 40% at 1.5 s. It can be seen from Fig. 11 that only the system with the PI control parameters within the additional criterion is able to remain stable after the steps. It is proved that the when the disturbance is beyond the linearizable range of the Hybrid MTDC system model, the proposed method can effectively analyse the control parameters to maintain a stable range and supplement the corresponding criteria in engineering.
F. PARAMETRIC DYNAMIC PERFORMANCE EVALUA-TION INDEX AND OPTIMIZATION
Within the feasible range in Fig. 10 , the evaluation index for the parametric dynamic performance can be calculated using (21) through traversal control parameters. Because the proposed evaluation index only needs to calculate the matrix eigenvalues, the calculation is significantly faster than the simulation analysis that requires discrete numerical solutions. Then, taking the U dc controller for instance, 3-dimensional numerical coordinates describing the dynamic performance of the system can be constructed, shown in Fig. 12 . The minimum values of the evaluation indices of the parameters are taken as the control parameters after the optimization.
To validate the correctness of the proposed method, the simulations are displayed as follows: 1) When the system is running stably, the reference DC voltage U MMC2 dcref is increased by 10% at 2.0 s. The response to this adjustment is shown in Fig. 13(a) . 2) The reference DC voltage U MMC2 dcref is reduced by 15% at 2.0 s, and the response to this adjustment is shown in Fig. 13(b) . Both experiments are carried out with Simulink-based simulations.
From the comparative analysis in Tab. 5, the parameters after optimization (aft-opt) reduce the overshoot and the adjusting time of the responses, thus verifying the effectiveness of the proposed control parameter design method.
IV. CONCLUSION
On the system layer, using the normalization processing method, a system-layer objective function that considers both the minimum network loss and the voltage offset is formed for Hybrid-MTDC systems and solved with the proposed penalty interior point method in this paper. On the converter layer, using the state-space matrix method, a generic small-signal stability range for each control parameter can be obtained by the traversal calculation of the eigenvalues. Then, to identify the additional stable operating region for the DC voltage controller, an additional stability analysis based on the mixed-potential theory is performed and the design-oriented boundaries are generated and added to the feasible region. Finally, within the design-oriented boundaries, a dynamic performance evaluation function is constructed to optimize the control parameters.
From a typical case analysis, utilizing the proposed method, the system can run in the optimal power flow control. Due to the addition of specific stability criteria, the system can maintain stable operation over a large disturbance range. Finally, within the design-oriented boundaries, the dynamic performance of the system control is effectively adjusted to the optimal state based on the proposed dynamic performance evaluation function.
APPENDIX
A. PENALTY INTERIOR POINT METHOD CALCULATION
The optimality condition corresponding to function (5) can be obtained as the Kuhn-Tucker condition:
where h x (x) and g x (x) are the Jacobian matrix; L = diag{l}; U = diag{u}; Z = diag{z}; W = diag{w}; I = [1,. . . . . . ,1]. The above equation is solved using the Newton method. In order to reduce the dimension of the modified equation, the approximate correction equation is given as follows:
where
By solving (A2)-(A4), the (k+1)-th iteration variables can be obtained as:
When (A6) is satisfied, the iteration terminates:
The LCC equivalent model can be divided into connected AC system and equivalent converter. The AC system can be described as
where R ac and L ac are the equivalent impedances of the AC system. U m is the equivalent voltage amplitude of the AC system. Also, if the AC filters are included in the LCC side, it can be deduced as
The equivalent converter of LCC can be deduced as The controllers of the LCC stations, as shown in Fig. 2 can be described as
where E is the equivalent voltage amplitude of the AC system; K is the ratio of converter transformer; n is the number of sixphase pulsating converters. The MMC equivalent model also can be divided into connected AC system and equivalent model of converter. The description of AC system is the same as the LCC side. And the equivalent model of converter primarily consists of the SM capacity, which can be described as where C m is the capacitance of SM; N is the number of SMs; L eq = L T + L arm /2 is the AC system equivalent impedance; R eq = R T + R arm /2 is the AC system equivalent resistance. Finally, the double closed loop vector controllers of the MMC stations can be described as
x 3 = (i sdref − i sd )dt x 4 = (i sqref − i sq )dt u cdref = u sdm − ωL eq i sq − k i3 x 3 − k p3 (i sdref − i sdm ) u cqref = u sqm + ωL eq i sd − k i4 x 4 − k p4 (i sqref − i sqm ) du sdm /dt = (u sd − u sdm )/T usd du sqm /dt = (u sq − u sqm )/T usq di sdm /dt = (i sd − i sdm )/T isd di sqm /dt = (i sq − i sqm )/T isq (B10)
where T usd, T usq, T isd, T isq are the time of measurement. The circulation suppression controller is expressed in d-q coordinates as
The DC line is an equivalent circuit of π type, shown in Fig. 14, and the current on a DC line can be represented as
where R d and L d are the equivalent resistance and inductance of the DC line between node i and j; I dci represents the DC current. 
